Abstract Aligned, collagenous tissues such as tendons and ligaments are composed primarily of water and type I collagen, organized hierarchically into nanoscale fibrils, microscale fibers and mesoscale fascicles. Force transfer across scales is complex and poorly understood. Since innervation, the vasculature, damage mechanisms and mechanotransduction occur at the microscale and mesoscale, understanding multiscale interactions is of high importance. This study used a physical model in combination with a computational model to isolate and examine the mechanisms of force transfer between scales. A collagenbased surrogate served as the physical model. The surrogate consisted of extruded collagen fibers embedded within a collagen gel matrix. A micromechanical finite element model of the surrogate was validated using tensile test data that were recorded using a custom tensile testing device mounted on a confocal microscope. Results demonstrated that the experimentally measured macroscale strain was not representative of the microscale strain, which was highly inhomogeneous. The micromechanical model, in combination with a macroscopic continuum model, revealed that the microscale inhomogeneity resulted from size effects in the presence of a constrained boundary. A sensitivity study indicated that significant scale effects would be present over a range of physiologically relevant inter-fiber spacing values and matrix material properties. The results indicate that the traditional continuum assumption is not valid for describing the macroscale behavior of the surrogate and that boundaryinduced size effects are present.
Introduction
Collagenous soft tissues such as ligaments, tendon, skin, cornea, cartilage and intervertebral disk are composite materials, composed primarily of collagen, with lesser amounts of noncollagenous extracellular matrix (ECM) components and water. From an engineering perspective, these connective tissues are astounding structures. These materials exhibit a multiscale, hierarchical organization of collagen, from the nanometer to the millimeter, and their macroscopic material properties are derived from a complex, multiscale organization of collagen and other ECM proteins. At the nanoscale, tropocollagen monomers self-assemble to form fibrils (50-200 nm diameter), which display a characteristic d-banding (Ottani et al. 2001 (Ottani et al. , 2002 Venturoni et al. 2003; Kannus 2000) . Fibrils are spaced regularly within healthy tissue and predominantly aligned in parallel (Vidal 2003; Starborg et al. 2009; Birk et al. 1997) . At the microscale, fibrils are assembled into fibers (20-50 µm diameter) (Jarvinen et al. 2004; Danylchuk et al. 1978) . Fibroblasts (tenocytes in tendon) are located in the inter-fiber space. The characteristic crimp pattern is visible at the fiber level, with a period of 50-200 µm (Jarvinen et al. 2004; Hurschler et al. 2003) . Fibers are arranged in a largely parallel fashion (Kannus 2000) . At the mesoscale, fibers are assembled into fascicles (100-500 µm diameter) (Danylchuk et al. 1978; Kannus 2000; Wang 2006 ). Fascicles are organized in parallel (Haraldsson et al. 2008) . At the macroscale, groups of fascicles are organized into functional bands ((100 µm-1 mm) diameter) (Danylchuk et al. 1978) .
Force transfer between scales in collagenous soft tissues is poorly understood. At the mesoscopic level, force does not appear to be distributed evenly between fascicles (Haraldsson et al. 2008; Komolafe and Doehring 2010) . At the fiber level, the strain is highly inhomogeneous, with the dominant modes of deformation consisting of fiber sliding and uncrimping (Screen et al. 2004a; Screen and Cheng 2007) . Tendon failure occurs at both the fiber and fascicle levels (Fung et al. 2009; Nakama et al. 2005; Ritter et al. 2009 ). Because adjacent fascicles are poorly coupled, this may cause stress shielding of damaged fascicles, adversely affecting the healing response (Haraldsson et al. 2008) . Furthermore, vascularization and innervation, which are required for normal function of collagenous soft tissues, occur at the fascicle level. Since mechanotransduction occurs by fibroblasts and tenocytes at the fiber level, abnormal fiber loading (e.g., as a result of fascicle injury or rupture) may adversely affect the fibroblast-mediated remodeling of the tissue (Haraldsson et al. 2008; Wang 2006) . At the fibril level, certain disease states (e.g., Ehlers Danlos Syndrome) affect the formation and subsequent strength of collagen fibrils (Tozer and Duprez 2005) . Thus, a comprehensive understanding of the mechanical function of normal and diseased connective tissues requires an understanding of multiscale structurefunction relationships and the mechanisms of interaction between scale levels.
Although multiscale structure-function relationships are of fundamental importance, the study of these relationships has proved challenging. For instance, studies that have characterized the material properties of different constituents of tendon (e.g., single fascicles, fibers and fibrils) have arrived at conflicting conclusions regarding scale-dependent material behavior (Atkinson et al. 1999; Haraldsson et al. 2008; Hirokawa 2003; Komolafe and Doehring 2010; Miyazaki and Kozaburo 1999; Screen et al. 2004a; Screen and Cheng 2007; Yamamoto et al. 1999) . Some studies have found that tissue structures become stiffer with increasing scale (e.g., whole tendon is stiffer than fascicles) (Hirokawa 2003; Miyasaka et al. 1991; Yamamoto et al. 1999) , while others have reported the opposite trend (Atkinson et al. 1999; Komolafe and Doehring 2010) . These conflicting results may be due to damage of tissue structures during separation, clamping artifacts, errors in measurement of strain and/or cross-sectional area and sample hydration. Further, it is challenging to obtain a homogenous test sample, as the material properties of tendon and ligament vary between the insertion site and the mid-substance (Thomopoulos et al. 2003; Hewitt et al. 2001; Lake et al. 2009 ).
The dependence of mechanical behavior on the physical size of the sample is known as a "size effect." This has been observed in trabecular bone (Park and Lakes 1986; Fatemi et al. 2002) and expanded foams (Anderson and Lakes 1994; Shu et al. 1999) . Size effects occur when the size of the microstructure approaches the wavelength of the macroscopic displacement field (Shu et al. 1999) . This inadequate separation of characteristic length between the microstructure and macrostructure violates the traditional continuum assumption that microstructures are infinitesimally small relative to the microscale. To model size effects, several higher order theories (e.g., generalized continuums, nonlocal elasticity) have been proposed (Anderson and Lakes 1994; Fatemi et al. 2002) . In traditional continuum elasticity theory (referred to as the "local continuum assumption" herein), the stress at a point is only a function of the strain at that point. In higher order theories, the stress at a point is a function of both the strain at that point and the surrounding material. Most commonly, this is taken into account via strain gradients (Anderson and Lakes 1994; Fatemi et al. 2002; Kouznetsova et al. 2004) . Size effects may occur near constrained boundaries due to large strain gradients or near the cut edges of samples due to a disrupted microstructure. Distinguishing between these two types of size effects is challenging (Anderson and Lakes 1994) .
The characteristic size of fascicles (∼200 µm) and fibers (∼20 µm) is only 1-3 orders of magnitude smaller than macroscopic tendon dimensions (∼10 mm) (Danylchuk et al. 1978; Kannus 2000) . Furthermore, the isolation of fibers, fascicles and even whole tendons results in damage that may cause edge effects. Although further experimental verification is needed, size effects within tendon and ligament may lead to the propagation of stress between scales in a manner that is inconsistent with the local continuum assumption (Buechner and Lakes 2003; Kouznetsova et al. 2004) .
Unfortunately, the study of size effects in native collagenous connective tissues is wrought with experimental challenges. The preparation of consistent samples, the complicated multiscale organization of these tissues and the difficulty in separating gradient-dependent size effects from edge-dependent size effects complicate the study of multiscale force transfer. This study addressed these challenges by developing a surrogate material and using it as a physical model to isolate and study key structural features. Because of the regular structure of the surrogate, there was no damage along the edges, which allowed for the isolation of gradientbased size effects. Furthermore, the regular structure of the surrogate facilitated the creation of a micromechanical finite element (FE) model, which was validated using a number of strain measures. This allowed certain hypotheses to be addressed that would be difficult to test using the physical model alone. The objectives of this study were (1) develop a collagen-based physical surrogate and subject it to tensile loading, (2) create a 3D micromechanical FE model of the surrogate and validate it using stress and strain measured at both the macroscale and microscale, (3) examine boundary effects and mesoscale size effects within the surrogate using the validated micromechanical model and a continuum model and (4) perform a sensitivity study to examine the effects of inter-fiber spacing and relative stiffness on predicted strains.
Methods

Surrogate construction
Collagen-based surrogates were created from type I collagen. To create fibers, acid solubilized rat tail tendon collagen (10 mg/ml) was diluted to 5 mg/ml in 1X PBS, neutralized to a pH = 8.5, injected into 1-m-long silicone tubes with an inner diameter of 1.4 mm and allowed to polymerize at RT for 8 h. Sulfide-functionalized fluorescent styrene beads (d = 1.0 µm, λ emission = 543 nm, 7.3 × 10 6 beads/ml) were added to the solution prior to polymerization (Vader et al. 2009 ). The gel was extruded to form fibers. Fibers were incubated in water overnight and then allowed to dry under their own weight to a final diameter of ∼100 µm (Caves et al. 2010; Pins et al. 1997) .
A custom jig was constructed to align the fibers with a constant spacing. The jig consisted of 1-mm-thick silicone inserts with laser-cut channels (500 µm spacing). These inserts were placed between two glass slides in an acrylic chamber, thus forming a mold. Fibers were placed in the jig, and 5 mg/ml collagen containing carboxyl functionalized fluorescent styrene beads (1 µm diameter, λ emission = 605 nm, 7.3 × 10 6 beads/ml) was injected into the chamber and allowed to polymerize overnight. The resulting constructs were cross-linked in a solution of 5 % formalin and 2 % gluteraldehyde for 8 h. Constructs were then cut to ∼2.5 × 30 mm and stored in water at 4 • C. For SEM imaging, individual fibers and gels (2 mg/ml) were fixed and stained using osmium tetroxide, dehydrated in a graded ethanol series, air dried, sputter coated and imaged using a standard protocol (Iwasaki et al. 2008 ).
Surrogate testing
A custom mechanical testing apparatus was created to allow simultaneous measurement of force, macroscopic strain and microscopic strain in the surrogates (Fig. S3) . The apparatus was mounted on the stage of an inverted confocal microscope. Surrogates were immersed in a saline bath (N = 9) at room temperature, mounted in the clamps and subjected to incremental stress relaxation testing to determine the quasistatic elastic response (Lujan et al. 2007) . A total of six 1 % strain increments (6 % max strain) were applied at a strain rate of 1 %/s, with a relaxation time of 5 min between increments. After equilibration of each strain increment, force was recorded and a confocal z-stack was acquired at the center of the construct at 4× and 10× magnification, using two lasers to excite the red (λ = 543 nm) and green (λ = 488 nm) fluorescent beads. A z-stack of five images with 40 µm spacing was acquired at each strain level and magnification.
Strain measurement
Texture correlation was used to measure strain at the macroand microscale (Upton et al. 2008; Gilchrist et al. 2007 ). For each z-stack, the image that was closest to the construct center was used for strain measurement. For macroscale strain measurement, a quadrilateral was defined by four nodes within the 4× image. At each node, a subregion of the image was used as a template. In the next image, acquired at the subsequent strain level, the template images were registered and the nodal displacements were computed. The incremental deformation gradient, dF, was computed from the nodal displacements between each strain level using the FE method of shape function interpolation (Bonet and Wood 1997) (Equation SI 1). The total deformation gradient F N for strain level N was computed by multiplying the deformation gradients from all previous strain levels (Equation SI 2), and the infinitesimal strain was computed from the total deformation gradient (Equation SI 3). This yielded the average strain within the quadrilateral.
To obtain the microscale strain, quadrilaterals were defined within the matrix and fiber materials. The strain analysis was identical to that described for the macroscale strain measurement. In general, the measured longitudinal strain was less than the applied clamp strain (e.g., 4-5 % optical strain for 6 % clamp strain). The longitudinal strain, transverse strain and force were interpolated in time via cubic splines. The average strain across all samples was computed at ten time points up to 4 % maximum longitudinal strain. The average Poisson's ratio was computed for each region by performing a linear curve fit to the longitudinal strain ε long versus transverse strain ε trans data.
Material characterization of gel and fibers
The material behavior of the extruded fibers and the gel matrix were each represented by a hyperelastic constitutive model consisting of a 3D ellipsoidal fiber distribution (EFD) embedded within an isotropic matrix (Ateshian et al. 2009 ). Details regarding the constitutive model can be found in the appendix, which is contained within the online supplementary information. Collagen gels and extruded fibers S. P. Reese et al. (Right) In contrast, the fibers had densely packed and highly aligned fibrils were tested in uniaxial tension using the protocol described previously for the surrogates. For the collagen gel, collagen was polymerized into dog bone-shaped specimens (N = 12, gauge length = 20 mm, width = thickness = 2.5 mm, Fig. S3 , Panel B) (Roeder et al. 2002) . To facilitate clamping, 2-mm-thick sections of melamine foam were polymerized in the specimen ends. For fiber testing, fibers were teased out of assembled, polymerized and fixed surrogates and cut to 40 mm (N = 15). As with the surrogate, beads were polymerized in the gel and fibers for strain tracking. Strain was measured using texture correlation. Uniaxial stress-strain data and 2D strain data (ε long , ε trans ) were obtained for both the gels and fibers. A nonlinear constrained pattern search method was used to find the set of coefficients that minimized the sum of the square difference between the data and curve fits for the gel and fiber data sets, with the stress-strain and 2D strain data fit simultaneously (Lewis et al. 2007 ).
Micromechanical FE model
A hexahedral FE mesh was constructed to represent the surrogate (Truegrid, XYZ Scientific, Livermore, CA) using the average geometry (Fig. S3, Panel C) . The final mesh was chosen based on a mesh convergence study. The EFD model with the best fit coefficients from the gel and fiber testing were used. The surrogate tensile test was simulated by constraining one end of the model in the x-y-z directions and constraining the other end in the x-y plane (the transverse plane). The end constrained in the x-y plane was subjected to displacement boundary conditions in the z-direction that resulted in a clamp-to-clamp strain of 4 %. The FEBio finite element software was used for all simulations (http://www.febio. org) (Maas et al. 2012) . The macroscopic and microscopic strains were calculated from the FE results using the same nodal point coordinates that were used in the experimental texture correlation measurements. This allowed a direct comparison between the FE and experimental results. To determine the effect of constitutive model parameters, simulations were performed using coefficient values that were ±1 standard deviation. The best fit coefficient model was compared to the experimental results, and the normalized root mean square error (NRMSE) (Equation SI 14) was used to assess agreement.
Results
Physical surrogate and confocal imaging
Collagen-based physical surrogates (N = 9) were constructed by embedding dense, extruded fibers (∼30 % by weight) within a collagen hydrogel (0.5 % by weight) (Fig. 1,  left) . The resulting constructs (l = 30 mm, w = 2.42 ± 0.14 mm, t = 1.16 ± 0.07 mm) had a mean fiber diameter of 185±20 µm and an inter-fiber spacing of 298±47 µm. SEM imaging revealed that the extruded fibers were composed of densely packed and aligned collagen fibrils (Fig. 1, middle) , while the matrix was composed of loosely packed and randomly oriented fibrils (Fig. 1, right) . Functionalized styrene beads that were embedded in the gel (red emission) and fiber (green emission) were highly visible at 4× and 10× magnification and proved suitable for use in strain measurement (Fig. 2, left and middle) .
Macroscopic and microscopic strains
Two dimensional strains were measured at the macroscale and the microscale. The macroscopic strain was not representative of the microscopic fiber and matrix strains (Fig. 2,  right) . At the macroscale, the transverse strain (ε trans ) induced by the Poisson effect exceeded that of the longitudinally applied strain (ε long ) and was a nonlinear function of the longitudinal strain. The average macroscale Poisson's ratio was 1.72 ± 0.26. The microscale fiber strain in the transverse direction had a magnitude that was considerably larger than the macroscopic value, with an average Poisson's ratio of 2.90 ± 0.56. Interestingly, the magnitude of the transverse strain for the gel matrix was less than both the fiber and the macroscopic values. The mean matrix Poisson's ratio within the surrogate was 0.57±0.51. The macroscopically measured stress-strain response was nearly linear, with a modulus of 10.55 ± 1.02 MPa.
Material characterization of gel and extruded fibers
The constitutive response of the collagen gel and extruded fibers was described using a strain energy-based formulation with an embedded EFD, as discussed in the appendix. The EFD constitutive model was able to simultaneously describe the uniaxial stress-strain and 2D strain behavior of both the extruded fibers (R 2 = 0.98) and the collagen gel (R 2 = 0.99) (Fig. S1 ). The fibers were considerably stiffer than the gel (E fiber = 215.2 ± 52.1 MPa, E gel = 0.091 ± 0.030 MPa). For both materials, the magnitude of the transverse strain induced by the Poisson's effect exceeded the applied longitudinal strain. The average Poisson's ratios were similar, with the fiber having a Poisson's ratio of 2.86 ± 0.42 and the gel having a Poisson's ratio of 2.84 ± 0.79. Considerably more variation was seen in the tensile response of the gel than that of the fibers, as indicated by the larger standard deviations for each strain level.
Micromechanical FE model and validation
The micromechanical FE model was created using the experimentally measured geometry of the surrogate and the curve fit EFD gel and fiber material coefficients. The model was capable of simultaneously predicting the macroscopic stressstrain behavior as well as the 2D macroscale and microscale strain (Fig. 3) . The normalized root mean square error (NRMSE) was used as the metric of comparison between experimental and FE results, as discussed in the appendix. The predicted macroscopic stress (NRMSE = 0.015) and the macroscopic transverse strain (NRMSE = 0.085) closely matched the experimentally measured values. The predicted microscopic transverse fiber strain was in very good agreement with the experimentally measured values (NRMSE = 0.018), while the microscopic transverse matrix strain was not as accurately predicted (NRMSE = 0.190).
Large variability was present in the experimental results, especially for the macroscopic and matrix 2D strain. When simulations were performed using coefficients that varied from the mean values by a single standard deviation, the predictions closely bounded this uncertainty. This suggests that experimental uncertainty is likely a result of variation of microscale material properties.
Boundary effects
The influence of the constrained boundary at the clamp interface was examined by varying the aspect ratio of the micromechanical FE model from 4:1 to 80:1. Both the microscale matrix transverse strain and the macroscale transverse strain decreased with increasing aspect ratio (Figs. 4, 5 ). An aspect ratio of 40:1 was needed to reach the values that were obtained for an unconstrained simulation (e.g., no boundary effects). Contour plots of the transverse strain showed that a surrogate model with a constrained boundary had considerable inhomogeneity within the transverse strain field (coefficient of variation = 63.9 %) (Fig. 4) , while a surrogate model In all plots the points represent the experimental data, the solid line is the FE prediction obtained using the best fit coefficients and the dashed lines are the FE predictions obtained using coefficients plus or minus one standard deviation.
with an unconstrained boundary did not exhibit this level of inhomogeneity (coefficient of variation = 12.3 %) (Fig. 4) . This reveals that the microscale inhomogeneity observed in the mid-substance of the surrogate is generated by a constrained boundary.
Presence of size effects
To assess the presence of size effects, continuum models with varying aspect ratios were created. Unlike the micromechanical models, which discretely modeled the fibers and the matrix, continuum models featured a homogenized material response applied to the macroscale surrogate dimensions (as discussed in the Appendix). In these simulations, the continuum model only matched the micromechanical model for an aspect ratio of 8:1, which was the aspect ratio for the surrogate (Fig. 5) . Since the material coefficients for the continuum model were obtained by curve fitting the material test data for the surrogate, this result is expected. However, varying the aspect ratio of the continuum model did not result in a significant change in the macroscopic transverse strain, as was observed for the micromechanical model. This indicates that the local continuum assumption is not valid for the surrogate and that size effects are not negligible.
Sensitivity studies
Decreasing the inter-fiber distance increased the heterogeneity at the microscale, as indicated by the rise in the microscale strain difference, Δε micro (Fig. S2 ). An interfiber spacing of 10 µm resulted in a microscale strain difference of Δε micro = 0.13, while the surrogate inter-fiber spacing of 300 µm resulted in a microscale strain difference of Δε micro = 0.08. Increasing the stiffness of the matrix resulted in a decrease in heterogeneity, as indicated by a lower microscale strain difference with a decrease in the ratio of fiber stiffness to matrix stiffness (E fiber /E matrix ) (Fig. S2 ).
Discussion
The physical surrogates created in this study emulated certain structural features found in collagenous soft tissues, including a nanoscale organization of collagen fibrils and a mesoscale organization of aligned collagen fibers coupled via an inter-fiber matrix. Although the structure of the surrogate was intentionally simplified, the surrogate reproduced a number of experimentally reported observations. The macroscale Poisson's ratios were in the range of those reported for tendon and ligament (Hewitt et al. 2001; Lynch et al. 2003) . At the microscale, the Poisson's ratio and linear modulus of the extruded fibers matched the experimental values for tendon fascicles (Yin and Elliott 2004) , while the modulus of the matrix matched previous estimates for the inter-fiber matrix Ault and Hoffman 1992) . Poisson's ratios in excess of the isotropic limit of 0.5 (as reported in this study) are indicative of anisotropy ). In the surrogates, anisotropy was present in both the extruded fibers (via aligned collagen fibrils) and at the macroscale (via aligned extruded fibers). Other anisotropic biological tissues (such as meniscus) also have large estimated Poisson's ratios (LeRoux and Setton 2002) . The experimentally measured macroscale strain of the physical surrogate was not representative of the microscale strain, which was highly inhomogeneous. The transverse strain within the inter-fiber gel matrix was dissimilar from the transverse strain measured within the fiber. This behavior is qualitatively similar to the inhomogeneous strains experimentally observed at the mesoscale and microscale in tendon tissue (Komolafe and Doehring 2010; Screen et al. 2004a,b) .
To investigate the source of this microscale inhomogeneity, a micromechanical model of the physical surrogate was created. This model was validated at multiple scales and dimensions, which allowed the model to be extended to simulate tests that would have been difficult to perform experimentally. By creating models with varied aspect ratios and comparing them to an unconstrained model, it was revealed that the constrained boundary at the clamp was responsible for the inhomogeneous strain field experimentally observed at the microscale. According to the St. Venant principle in the context of the local continuum theory, the boundary effects should subside (or decay) as the distance from the boundary increases. For highly anisotropic materials, this decay is expected to occur more slowly. In the macroscale continuum model of the surrogate, the boundary effects subsided a short distance from the clamp, thus failing to predict the transmission of the boundary effects into the surrogate mid-substance. In the micromechanical simulations of surrogates with varied lengths, an aspect ratio of nearly 40:1 was needed in order for the boundary effects to subside, as compared to an aspect ratio of 8:1 for an anisotropic continuum model (Figs. 4, 5) . This indicates that the local continuum assumption is not valid for describing the macroscale behavior of the surrogate and that size effects are present. Given the large diameter of the fibers relative to the surrogate macroscale dimensions, the presence of these observed size effects is not surprising.
This study did not distinguish between gradient-based size effects and edge-dependent size effects. Because of the regular structure of the surrogate, there was very little damage on the edges. Therefore, we expect that edge-dependent size effects were minimal. It may have been possible to model the two separate types of size effects (e.g., as in Anderson and Lakes 1994) via the inclusion of strain gradients into a continuum-based constitutive model (e.g., Cosserat elasticity or generalized continua). However, such an approach does not allow for the reconstruction of the micro problem (i.e., simulation of the inhomogeneous microscale stress and strain). Multiscale methods were used because of their ability to address both macroscale behavior and microscale behavior.
To determine the relevance of the model in describing the mechanics of native tissue, a sensitivity study was performed. The inter-fiber spacing of the surrogate was much larger than is present in tendon and ligament. Due to manufacturing constraints, the minimum fiber spacing was 300 µm. Smaller spacing resulted in fibers sticking together. Spacing between fascicles within native tendon ranges between 5 and 20 µm. However, the sensitivity study revealed that decreasing the inter-fiber spacing actually led to an increase in the inhomogeneity between the matrix and fiber strain. It has been estimated that the matrix material is 500-5,000 times more compliant than the fibers . A sensitivity study on the matrix stiffness revealed that considerable strain inhomogeneity is present within this range. For a physiologically relevant model with an inter-fiber spacing of 10 µm and a fiber stiffness ∼2,500 times that of the gel, the predicted matrix strain was positive (matrix ε trans = 0.03), while the fiber strain was negative (fiber ε trans = −0.10). If the micromechanical model predictions are indicative of in vivo mesoscale behavior, then these results could have important implications. Histological studies have shown that vessels and nerves are located between fascicles at the mesoscopic level (Kjaer 2004; Wang 2006) . If present within native tissue, positive transverse inter-fiber strains may play a role in regulating blood flow. The presence of large negative transverse strains within a fascicle may play a role in nutrient transport. Large strains are indicative of volume loss and thus fluid exudation, as described by biphasic theory (Armstrong et al. 1984; Yin and Elliott 2004) .
Since the surrogate represented a simplified physical model, certain features found in native collagenous soft tissues were not reproduced. Fiber crimp was not included, thus the nonlinear stress-strain response typical for tendon was not observed. In this study, cross-linking was performed using formalin and gluteraldehyde, which is not a physiologically occurring mechanism for cross-linking. Finally, other ECM components such as elastin and proteoglycans were not included. Although an attempt to include features such as crimp, alternative cross-linking methods, proteoglycans, etc. may have provided a more physiologically relevant model, it would have come at the cost of simplicity in model construction, analysis and hypothesis testing. Nevertheless, these features can be investigated as part of future studies using the surrogate approach. Although the FE predictions for the stress and 2D strain were quite good, the predicted microscale transverse matrix strain did not fully replicate the experimentally measured behavior. The constructs were observed to shrink a small amount when put into the formalin/gluteraldehyde mixture during their creation. It is hypothesized that the gel shrunk more than the fibers (driven by osmotic forces), which generated a pre-stress within the matrix. Another possible source of error is that of clamping effects on the gel matrix. When testing the gel specimens, it was necessary to embed the tabs in melamine foam. Without this step, the clamping effects affected the tensile response. Since the constructs did not have the foam embedded in the ends that were gripped, this may have introduced an additional clamping effect that was not captured by the FE model. Although the matrix behavior was not perfectly replicated, the predicted result is still within a range deemed acceptable, with a NRMSE of less than 0.2.
The physical surrogate in this study was able to emulate features of the mesoscale microstructure of collagenous soft tissues and allowed for a controlled means of investigating size effects in the presence of a constrained boundary. Sensitivity studies that were performed using the validated micromechanical FE model indicated that the results of this model may have relevance to tissue, where experimental evidence suggests the presence of such size effects (Komolafe and Doehring 2010; Screen et al. 2004a ). In the future, the use of physical models could provide a means for developing and validating more complex and physiologically relevant computational models. Since size effects may play an important role in the normal function of collagenous soft tissues, the results of this work suggest that future modeling studies should carefully consider if a local continuum assumption is adequate for the intended use of the model. In addition to its contribution to the field of multiscale soft tissue mechanics, this study also has relevance to the field of tissue engineering, where computational modeling is poised to help develop future generations of tissue scaffolds.
